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 論文内容の要旨 
 
Primary cilia are non-motile cilia protruding from the surface of many cell types that act as antennae 
to perceive and transmit diverse chemical and mechanical signals from the cell exterior. Since primary 
cilia play important roles in tissue development and homeostasis, defects in their formation are 
associated with a wide range of human disorders, collectively called as ciliopathies, including 
polycystic kidney disease, retinal degeneration, polydactyly, visceral inversion, obesity, and mental 
retardation. 
Primary cilia are formed by the extension of a microtubule-based axoneme from the mother 
centriole-derived basal body. Extensive studies have identified numerous molecules that are involved 
in primary cilium formation, but the signaling mechanisms controlling ciliogenesis remain unclear. In 
cultured cells, primary cilia are efficiently induced by serum starvation or highly confluent culture, 
implying that ciliogenesis is correlated with the arrest of cell growth and proliferation. Recent studies 
also showed that ciliogenesis is triggered by various cellular stresses, such as UV radiation, heat shock, 
actin destabilization, and loss of mechanical stresses. Because nutrient or energy stresses suppress cell 
growth and proliferation, it is predicted that these stresses also affect the efficiency of ciliogenesis. 
However, the role of nutrient signals in primary cilium formation is largely unknown. 
Mammalian target of rapamycin (mTOR) is a protein kinase that plays a central role in 
transducing nutrient signals to cell responses, such as growth, metabolism, and proliferation. mTOR 
interacts with several proteins to form two functionally distinct complexes, termed mTORC1 and 
mTORC2. In response to nutrient signals, such as glucose and amino acids, mTORC1 stimulates 
anabolic processes including protein and lipid biosynthesis, via phosphorylation of diverse target 
proteins including p70 ribosomal S6 kinase 1 (S6K1). mTORC1 also functions to inhibit autophagy 
by phosphorylating ULK1. Under nutrient-deprived conditions, mTORC1 activity is downregulated 
through a signaling cascade involving activation of AMP-activated protein kinase (AMPK) and the 
tuberous sclerosis complex (TSC, a GAP for Rheb, composed of TSC1 and TSC2) and inactivation of 
Rheb, a small GTPase that activates mTORC1. Thus, mTORC1 serves as a sensor of nutrient status in 
cells. 
Recent reports have shown that treatment with rapamycin, a potent inhibitor of mTORC1, 
shortens the length of primary cilia in zebrafish embryos and in cultured fibroblasts and that Tsc1 
depletion (which enhances mTORC1 activity) elongates cilium length in zebrafish embryos. Thus, 
mTORC1 appears to be involved in elongation and maintenance of cilium length. Inactivation of 
mTORC1 causes cilium shortening probably through reduction in protein synthesis. By contrast, as 
inactivation of the mTORC1 pathway causes the arrest of cell proliferation, it is possible that mTORC1 
inactivation promotes ciliogenesis by triggering cell quiescence. In this respect, previous studies have 
shown that mTORC1 is aberrantly activated in polycystic kidney diseases and that rapamycin 
treatment slows the disease progression. The increased mTORC1 activity may contribute to the defect 
in ciliogenesis in this disease. However, the role of the mTORC1 pathway in ciliogenesis and the 
mechanism of mTORC1-mediated control of ciliogenesis remain to be established. 
To investigate the role of nutrient stresses in primary cilium formation, I examined the effect 
of glucose deprivation on ciliogenesis in human telomerase reverse transcriptase (hTERT)-
immortalized retinal pigmented epithelium (RPE) 1 cell lines (hereafter referred to as RPE1 cells). 
RPE1 cells at subconfluent density were cultured in a medium containing either 17.5 mM glucose or 
no glucose for 24 h under serum-fed or serum-starved conditions, and cilium formation was then 
analyzed by immunostaining with antibodies against Arl13b and acetylated (Ac)-tubulin. Under 
serum-fed conditions, less than 3% of cells formed cilia when cultured in normal glucose-containing 
medium, whereas about 15% of cells formed cilia when cultured in glucose-deprived medium. Under 
serum-starved conditions, about 30% of cells formed cilia when cultured in glucose-containing 
medium, but the number of ciliated cells further increased to 52% upon glucose deprivation. These 
results suggest that glucose deprivation promotes primary cilium formation under both serum-fed and 
serum-starved conditions and that glucose deprivation acts to promote ciliogenesis additively or 
synergistically with serum starvation.  
I also analyzed the effect of glucose deprivation on the length of cilia. Cilia that were formed 
in cells cultured in glucose-depleted medium under serum-fed or serum-starved conditions were 
shorter than those in cells cultured in glucose-containing medium under serum-starved conditions. 
Thus, glucose deprivation increased the proportion of ciliated cells but shortened the length of the 
formed cilia.  
Glucose deprivation is known to suppress mTORC1 kinase activity. To examine whether 
glucose deprivation actually reduces mTORC1 activity, I analyzed the levels of phosphorylated S6K1, 
a well-known substrate of mTORC1, in RPE1 cells cultured in glucose-fed or glucose-deprived 
medium under serum-starved conditions. Immunoblot analyses with an antibody specific to S6K1 
phosphorylated on T389 [pS6K1(T389)] revealed that S6K1 phosphorylation decreased in cells 
cultured in glucose-deprived medium, whereas no apparent change in the amounts of total S6K1 and 
mTOR proteins was observed. These results indicate that glucose deprivation decreases mTORC1 
activity in RPE1 cells.  
To examine whether mTORC1 inactivation is involved in glucose deprivation-induced 
ciliogenesis, I analyzed the effect of overexpression of wild-type (WT) Rheb, an activator of mTORC1. 
Overexpression of Rheb-WT increased the level of pS6K1 in glucose-deprived cells, indicating that 
Rheb-WT expression actually induced mTORC1 activation. Whereas glucose deprivation promoted 
primary cilium formation in control YFP-expressing cells under serum-starved conditions, transfection 
of YFP-Rheb-WT suppressed glucose-deprivation-induced ciliogenesis for YFP-positive cells but not 
for YFP-negative cells. Furthermore, expression of a constitutively active Q64L mutant of Rheb 
suppressed glucose-deprivation-induced ciliogenesis, but expression of an inactive D60K mutant did 
not. These results suggest that mTORC1 activation suppresses glucose-deprivation-induced 
ciliogenesis and that glucose deprivation promotes ciliogenesis through mTORC1 inactivation. 
To further examine the role of mTORC1 inactivation in ciliogenesis, I analyzed the effect of 
rapamycin, a potent inhibitor of mTORC1, on ciliogenesis. RPE1 cells cultured at subconfluent density 
were treated with 1 µM rapamycin for 24 h under serum-fed or serum-starved conditions, and the 
ciliated cells were then analyzed by staining with anti-Arl13b and anti-Ac-tubulin antibodies. Similar 
to what was seen upon glucose deprivation, treatment with rapamycin notably increased the ratio of 
ciliated cells under both serum-fed and serum-starved conditions. Rapamycin treatment dose-
dependently increased the percentage of ciliated cells with significant effects observed at 
concentrations of > 0.01 μM. The lower dose (0.01-0.1 μM) of rapamycin inhibits mTORC1 but not 
phosphoinositide 3-kinase (PI3K), suggesting that rapamycin induces ciliogenesis by inhibiting 
mTORC1. I also examined the effect of overexpression of TSC2, a suppressor of mTORC1 pathway, 
on ciliogenesis. Overexpression of TSC2 increased the number of ciliated cells, which further suggests 
that mTORC1 inactivation induces ciliogenesis. 
I also analyzed the effect of rapamycin treatment on the length of cilia. Cilia that were 
formed in rapamycin-treated cells cultured under serum-fed or serum-starved conditions were shorter 
than those in rapamycin-untreated cells cultured under serum-starved conditions. Immunoblot 
analyses with an antibody against pS6K1(T389) as well as immunoblot analyses with an anti-S6K1 
antibody after Phos-tag-containing SDS-PAGE revealed that rapamycin treatment markedly decreased 
the level of S6K1 phosphorylation, indicating that rapamycin inactivates mTORC1 in RPE1 cells. 
Thus, similar to what was seen upon glucose deprivation, rapamycin treatment increased the 
proportion of ciliated cells but shortened the length of the formed cilia.  
In this study, I showed that glucose deprivation or rapamycin treatment increases the number 
of ciliated cells but shortens the length of the formed cilia. To examine the effect of rapamycin on pre-
existing cilia in RPE1 cells, cells were cultured at high density for 24 h under serum-starved conditions. 
Under these conditions, more than 90% of cells formed primary cilia. Cells were then further cultured 
for 24 h in the presence or absence of rapamycin, and the proportion of ciliated cells and the length of 
cilia were analyzed. Rapamycin treatment had no apparent effect on the number of ciliated cells, but 
significantly reduced the length of cilia. Thus, rapamycin treatment caused shortening of pre-existing 
cilia. These results suggest that mTORC1 inhibition has dual roles in ciliogenesis, i.e., induction of 
primary cilium formation and shortening of cilium length. 
Previous studies demonstrated that inactivation of mTORC1 by glucose deprivation or 
rapamycin treatment induces cell cycle arrest via upregulation of p27KIP1 cyclin-dependent kinase 
(CDK) inhibitor. When RPE1 cells were treated with rapamycin, the level of p27KIP1 protein increased. 
I next examined the effect of rapamycin treatment on the percentage of cells in the S-phase by 
analyzing 5-ethynyl-2’-deoxyuridine (EdU) incorporation into DNA. Rapamycin treatment markedly 
decreased the percentage of cells in the S phase, indicating that rapamycin treatment leads to cell cycle 
arrest. To examine whether mTORC1 inhibition promotes ciliogenesis through an increase in p27KIP1, 
I analyzed the effect of p27KIP1 deletion on rapamycin-induced ciliogenesis, using p27KIP1-deficient 
(p27KIP1-/-) mouse embryonic fibroblasts (MEFs). Primary cilium formation was promoted by 
rapamycin treatment in control p27KIP1+/+ MEFs but was not induced in p27KIP1-/- MEFs under serum-
fed conditions. Moreover, expression of FLAG-tagged p27KIP1 led to the recovery of the rapamycin-
induced ciliogenesis in p27KIP1-/- MEFs. These results suggest that rapamycin induces ciliogenesis 
through p27KIP1 upregulation. I also examined the effect of p27KIP1 knockdown on rapamycin- or 
glucose-deprivation-induced ciliogenesis in RPE1 cells. Cells were transfected with control siRNA or 
p27KIP1-targeting siRNAs and then subjected to rapamycin treatment or glucose deprivation for 24 h. 
Rapamycin treatment or glucose deprivation significantly increased the number of ciliated cells in 
control cells, but these treatments had no significant effect on ciliogenesis in p27KIP1-knockdown cells. 
These results further suggest that p27KIP1 is involved in rapamycin- or glucose-deprivation-induced 
ciliogenesis. 
In this study, I showed that glucose 
deprivation and mTORC1 inactivation increased the 
frequency of ciliated cells, but shortened the cilium 
length. I also provided evidence that mTORC1 
inactivation induced ciliogenesis through p27KIP1 
upregulation. These findings suggest that low 
glucose and mTORC1 inactivation play dual roles in 
ciliogenesis; they promote the initiation of primary 
cilium formation and shorten the length of cilia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: A newly proposed model for dual roles 
of glucose deprivation in ciliogenesis 
論文審査結果の要旨 
一次繊毛は、微小管からなる軸糸と繊毛膜から形成される細胞膜表面の突起構造
であり、細胞外の化学的・機械的刺激を細胞内へ伝達するアンテナとして重要な役
割を担っている。一次繊毛の正常な形成は器官形成・組織恒常性の維持に重要であ
り、一次繊毛形成不全は繊毛病と総称される様々な疾患を引き起こすことが知られ
ている。本研究では、培地中の栄養条件が一次繊毛形成に与える影響を検証した。ヒ
ト網膜色素上皮由来 hTERT-RPE1 細胞をグルコース飢餓条件で培養すると、一次
繊毛形成が誘導されることを明らかにした。また、mTORC1 (mechanistic target of 
rapamycin complex 1) の阻害剤であるラパマイシンによる処理や、mTORC1 の成
分である Raptor の発現抑制によって一次繊毛形成が誘導されること、mTORC1 の
活性化因子である Rheb を過剰発現させるとグルコース飢餓による一次繊毛形成が
抑制されることを見出し、グルコース飢餓による一次繊毛形成は、mTORC1 の不活
性化を介して誘導されることが明らかになった。さらに、ラパマイシン処理による
mTORC1 の不活性化はサイクリン依存性キナーゼ阻害物質である p27KIP1のタンパ
ク質レベルの上昇と細胞周期の停止を引き起こすこと、p27KIP1ノックアウト細胞で
はラパマイシンによる一次繊毛形成が誘導されないことから、ラパマイシンによる
一次繊毛形成は p27KIP1 の上昇と細胞周期の停止を介して誘導さることが明らかに
なった。一方、グルコース飢餓やラパマイシン処理によって誘導された一次繊毛は、
血清飢餓により誘導された一次繊毛より有意に短いことが観察された。以上の結果
から、グルコース飢餓は mTORC1 の不活性化と p27KIP1の上昇による細胞周期の停
止を介して一次繊毛形成を促進する一方で、一次繊毛の長さについては負に制御す
ることが示された。以上の成果は、栄養状態による一次繊毛形成の制御機構を理解
する上で重要な成果であり、本論文は、著者が自立して研究活動を行うに必要な高
度の研究能力と学識を有することを示している。したがって、高橋健悟提出の論文
は、博士（生命科学）の博士論文として合格と認める。 
 
 
 
